TECHINICAL REPORT AD A A1S Y

NATICK/TR-94/005

BALLISTIC PERFORMANCE OF POLYCARBONATE/
POLYESTER AND POLYCARBONATE/STYRENE-
ACRYLONITRILE MICROLAYER SHEETS

by

William G. Kohlman

January 1994
FINAL REPORT

October 1991 - June 1993

Approved for public release, distribution unlimited

U. 8. ARMY NATICK RDSE CENTER
ATTN: STRNCMIL , o
NATICK, MA 01760-5040

UNITED STATES ARMY NATICK
RESEARCH, DEVELOPMENT AND ENGINEERING CENTER
NATICK, MASSACHUSETTS 01760-5000

SCIENCE AND TECHNOLOGY DIRECTORATE




For

The findings contained in this report are not to

be construed as an official‘Department of the Army
position unless so degignated by other authorized

documents.
Citation of trade names id th1s rep§rt‘does not

constitute an official endorsemen: or apprcval of

the use of such ité#s.

DESTRUCTION NOTICE

Classified Documents:

. For

Follow the procedures im DoD 5200.22-M, Industrial
Secutity-Mdnual, Section II-19 oi DoD 5200.1~-R,

Information Security Program Regulation, Chapter IX.

Unclassified/Licited Disttibu:ion-Documentgz

Destroy by any methoduthat preﬁents7disclosure of

contents or recomstruction of the document.




REPORT DOCUMENTATION PAGE

Form Approved
OMB No 0704-0188

2.one Am"*:” TIOF OrIn s SieCTCn O 30 IrmAl IRy At matad ts y erage T

CUP D@7 TeLDCrIe. R LQING The TiME *OF fev.ew NG (NSTrLCTIONS, s€37INiIng ex:sting Jata sOurces,

e rernyare Sy rtaring T e Jata "esged anq IrRDenng NG Ceview i~ g tme L Silertion DT irfarmanicn Send comments re?arqmg thes Durgen estimate of any sther aspect 01 "y
o«x ~ ot ot -v-ax On.PULEIRSG suFgestiony (O redudt q *his Qurgen 3 N 3snirgton ~eadauarters Services, Cirectorate for ntormation Operations ang Reocrts, 1215 sefterson
T s imaay 3. 04 ar ~geim sA 222024302 angtc the Otfice 3t Managament ana 3.a3e° Paperwork Reduct.cn Prciect (3704-0°88). Washingtor C 20503
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. RE?ORT TYPE AND DATES COVERED
January 1994 Final Report  Oct 91 to June 93
4. TITLE AND SUBTITLE S. FUNDING NUMBERS
Ballistic Performance of Polycarbonate/Polyester and (AGG CODE) T/B 1387
Polycarbonate/Styrene-Acrylonitrile Microlayer Sheets (PE) 1L162786
(PR) AH98
6. AUTHOR(S) (TA) CC
William G. Kohlman

(WU) 3 3232 06 CCO COO

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

United States Army

Natick Research, Development and Engineering Center
Attn: SATNC-YSM

Natick, MA 01760-5020

8. PERFORMING ORGANIZATION
REPORT NUMBER

NATICK/TR-94/005

9. SPONSORING MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a3. DISTRIBUTION AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

12b. DISTRIBUTION COOE

13. ABSTRACT (Maximum 200 words)

Extruded microlayer sheets of polycarbonate/polyester (PC/PCTG) and polycarbonate/
styrene-acrylonitrile (PC/SAN) were tested for ballistic performance and chemical resistance.
Composition of the microlayer sheets ranged from 60 to 100 percent polycarbonate. The number of
layers in the approximately one-eighth inch thick sheets ranged from one for the blend control
samples to 3713 layers in the PC/PCTG sheets. The normalized ballistic test results showed that
some samples performed as well as and slightly better than injection molded polycarbonate
samples. The failure mechanism was affected by the composition and the number of layers.
Increasing composition of polycarbonate and number of layers decreased the percent of brittle
failures. Immersion studies showed that the PC/PCTG microlayer sheets were attacked by
diethylene triamine and xylene but slower than polycarbonate by itself. The diethylene triamine
drop testing demonstrated that the microlayer sheets were attacked but the PC/SAN sheets showed
the least effect.

4. SUBJECT TERMS "POLYCARBONATE 15. NUMBER OF PAGES
BALLISTICS EYE PROTECTION 28
BALLISTIC TESTING AREAL DENSITY 16. PRICE CODE
CHEMICAL RESISTANCE RAT: TICS

17. SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION 19 SECURITY CLASSIFICATION | 20. UMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

NSN 7540-0°-280-5500

Sta~garg *ym 38 RFev 269
Vreyc DAG Dy SNSE St (1978
48 032




TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
PREFACE
INTRODUCTION
MATERIALS
EXPERIMENTAL
Ballistic Testing.
Chemical Evaluation.
RESULTS AND DISCUSSION
Ballistic Testing.
Chemical Evaluation.
CONCLUSIONS
REFERENCES
APPENDIX A
DISTRIBUTION LIST

Availabilisy Codes

‘Dest

o

Ava'l nud/ ¢
Special

|

Page
iv
v
v
1
1
1
1
3
3
3
11
11
12
13
21
Acoession For /j
NTIS GRARL &
DTIC TAB 0O
¥nannounoced O
Juetifieatio !
By. !
| Distribution/ _




LIST OF TABLES

Table Page
1. Actual and Normalized V. and Vs values with Sample Description for the 4
Microlayer Materials
2, Optical Appearance and Fraction of Brittle Failures for the Microlayer Materials 10
LIST OF FIGURES
Figure Page
1. Diagram of Ballistic Test Setup. 2
2 Ve versus Areal Density for Microlayer Shects. 6
3. V50 versus Areal Density for Microlayer Sheets. 6
4 V. Normalized to 3 kg/m2 versus Log of the Average Layer Thickness. 7
5 Vso Normalized to 3 kg/m? versus Log of the Average Layer Thickness. 7
6. V. Normalized to 3 kg/m? versus Percent Composition of Polycarbonate. 8
7. V5o Normalized to 3 kg/m2 versus Percent Composition of Polycarbonate. 8

iv




PREFACE

The work described in this report was authorized under funding numbers 1L162786
AH98CC3323206CCOCOO entitled “Material Processing and Characterization,” and
covers the period October 1991 to June 1993.

The author would like to thank Mr. Phil Cunniff of the Individual Protection Directorate,
United States Army Natick Research, Development and Engineering Center for his
assistance in the ballistic testing; and Dr. Alex Hsieh of the Materials Directorate, United
States Army Research Laboratory, and Dr. Heidi Schreuder-Gibson of the Soldier Science
Directorate, United States Army Natick Research, Development and Engineering Center,
for their assistance in chemical testing.

The author would also like to thank Mr. Jeffrey N. Bremmer and the Dow Chemical

Company for providing the microlayer composite samples.







BALLISTIC PERFORMANCE OF POLYCARBONATE/POLYESTER AND
POLYCARBONATE/STYRENE-ACRYLONITRILE MICROLAYER SHEETS

INTRODUCTION

Currently, the material of choice for eye protection is polycarbonate. The impact
resistant properties of polycarbonate are outstanding; however, the scratch and chemical
resistance of the material are poor. There is a need for a material with good scratch and
chemical resistance while improving upon the ballistic impact behavior of polycarbonate.

Recent studies with extruded microlayer sheets have shown that many of the
microlayer materials possess mechanical properties superior to the sum of the
components.!-4 This work examines extruded microlayer sheets for ballistic performance
and chemical resistance.

MATERIALS

Extruded sheets of the polycarbonate/poly(cyclohexane-1,4-dimethylene terephthalate)
(PC/PCTG) and the polycarbonate/poly(styrene-acrylonitrile) (PC/SAN) microlayer
samples were provided by the Dow Chemical Company. The reported grades of polymers
in the PC/PCTG sheets are Calibre® 200-22 and Kodar® 5445. The grades of polymers in
the PC/SAN sheets are Calibre® 302-22 and Tyril® 1000B except for samples 41A and
39B, which also contain a different polycarbonate grade XU 73049.03 (11 MFR). Table 1
in the Results and Discussion section gives a listing of the samples with respect to polymer
composition, numbers of layers, and thickness, as well as the ballistic testing results.
Diethylene triamine (DETA) and xylene were used for chemical resistance evaluation.

EXPERIMENTAL

Ballistic Testing. Ballistic performance was evaluated by testing the plaques
according to MIL-STD-662E V ¢, Ballistic Test for Armor3 using a high-pressure helium
gas gun. A 17-grain fragment simulator was used as the projectile. The test plaques were
rigidly held in a sample holder made from two 13-inch square, 3/4-inch thick aluminum
plates bolted together and placed in a mount. Four 1-inch diameter holes in the plates
located in the center of each corner quadrant provided for the passage of the projectile
through the plaques. After each shot, the sample holder was rotated in its mount to align
the next sample. After a set of four shots, the holder was removed from the mount,
opened, and the samples repositioned for the next shots. A schematic of the test setup is
shown in Figure 1.
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Figure 1. Diagram of Ballistic Test Setup.

Four light screens were used as triggers for timers to record the time-of-flight of the
projectile to determine the velocity of the projectile before and after impact. The timers
recorded the time-of-flight between screens 1 & 2,2 & 3,3 & 4 and 1 & 4 as a check.
From measurements of the distance between each of the screens and target, and the time-of-
flight between screens 1 & 2 and 3 & 4, the velocities at the midpoint between each set of
screens can be determined. The distances from the midpoint of screens 1 & 2and 3 & 4 to
the target are referred to as S1 and 82, respectfully. The striking and residual velocities
were determined by taking air resistance into account over S1 and S2 as shown in
equations 1 and 26

VS=\112(]_.S(_:L) (1)
2
Vi = We(1- ) 2

where Vs = the striking velocity of the projectile
V;2 =the velocity at the midpoint between screens 1 & 2
S1 =the distance from midpoint between screens 1 & 2 and the target
C  =correction constant, 52.4 m/s
Vr  =the residual velocity after penetration
V34 =tne velocity at the midpoint between screens 3 & 4
S2  =the distance from midpoint between screens 3 & 4 and the target.

A 0.05 mm thick aluminum witness plate was used to record complete penetrations. A
complete penetration is defined as occurring “when the impacting projectile, or any
fragment thereof, or any fragment of the test specimen perforates the witness plate,
resulting in a crack or hole that permits the passage of light when a 60-watt, 110-volt bulb
is placed proximate to the witness plate.”5 A catch box, layered with felt pads and Kevlar®
fabric, was used to stop the projectile.

Two different characteristic velocities, V5 and V , were calculated. Vg, the velocity
at which 50 percent of the impacts result in complete penetration, was calculated from the
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arithmetic mean of the five highest partial and five lowest complete penetration impact
velocities. A complete penetration is defined as an impact that causes a perforation of the
witness plate. A partial penetration is defined as an impact that does not cause a perforation
of the witness plate. V, the critical velocity for complete penetration, was calculated by
fitting the following equations”- 8

Vi = AV:_B A3)
2 B
VC = 7\- (4)
Vr = (A(VE-VE))"? S)

where Vs = the striking velocity of the projectile
Vr = the residual velocity after penetration
Ve = the critical velocity for complete penetration
A =the slope of the line
B = the intercept

to all striking and residual velocities where striking velocity was the greater than or equal to
the lowest complete penetration velocity. A minimum of 20 shots was used for each set of
samples, with at least eight shots spread over the range from V¢, to approximately 120 m/s
above the V.

Chemical Evaluation. The chemical evaluation by immersion was conducted at the
U.S. Army Research Laboratory, Materials Directorate. Only the PC/PCTG samples were
tested because diethylene triamine (DETA) and xylene are good solvents for SAN.® DETA
is a major ingredient in DS2, a decontaminating solution. The PC/PCTG microlayer
samples were immersed in DETA and xylene for one week.

All samples were also exposed to drops of DETA at room temperature. The drops
were directly applied to the surface and left in place for 88 hours. The samples were rinsed
with water and wiped with a paper towel to remove the DETA. The surfaces were
examined for deterioration visible to the eye. The drop testing was conducted at the U.S.
Ammy Natick Research, Development and Engineering Center.

. RESULTS AND DISCUSSION
Ballistic Testing. The ballistic testing results are summarized in Table 1. Graphs
of the striking velocity versus the residual velocity are shown in Appendix A.
The ballistic testing results are not easily discernible. These materials have different
compositions, number of layers, thicknesses, and areal densities. The failure mechanism is
also important. It is unacceptable for the material to produce spall when impacted. Spall is
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the detachment or delamination of a layer of material in the area surrounding the location of
impact, which may occur on either the front or rear surfaces of the sample and is produced
as a result of a brittle failure mechanism.

Ballistic testing results are usually compared with regard to the material’s areal density.
This is the mass of the material per unit area or the density of the material multiplied by the
thickness. To compensate for the various areal densities of the samples, the V. and V4,
values have been normalized to a 3 kg/m? areal density. This normalization is an acceptable
treatment based on daia in Figures 2 and 3 that demonstrate a relationship between V or V-
5o and areal density with the exception of two PC/SAN samples. Linear regressions for the
V. and V¢ versus areal density yield an average correlation coefficient of 0.951. Values
for the 70/30 PC/SAN blend and 233 layer samples were not included in the regression, as
it is clear in Figures 2 and 3 that those points are outlying values; however, values for two
injection-molded polycarbonate samples from a previous study were included,!?
demonstrating the general applicability of the relationship. V. and Vg, values were
normalized to a 3 kg/m? areal density by the following equation,

Vn=[a(3-D)]+V ©)
where Vn = the normalized V_ or V¢ for the sample
V =V, or Vg, for the sample
D = the areal density in kg/m?
a = the slope of the regressed line (51.755 for V,, 50.377 for V).

A direct comparison between samples is now possible. The next variable to consider
is the number of layers. Since the normalization effectively changes the dimensions of the
sample, the number of layers is no longer a meaningful value; instead the average layer
thickness is considered. A 3 mm thick sample with 3000 layers is not the same material as
a 2 mm thick sample with 3000 layers but a 2 mm thick sample with an average layer
thickness of 0.001 mm could be considered to be made of the same material. Figures 4 and
5 show plots of the normalized V. and V g versus the log of the average layer thickness.
Most of the data fall between 155 and 200 m/s for both normalized V. and V¢, The
exception to this range are the 70/30 PC/SAN samples. No general trends can be seen in
either Figures 4 or 5. There is a significant improvement in both the V_ and Vg in the
70/30 PC/SAN samples that occurs between the 233 and 929 layer samples. This
improvement continues into the 1857 layer sample.

Figures 6 and 7 show plots of the normalized V. and Vg, versus the percent
composition of polycarbonate. For the PC/PCTG microlayer samples, the results were
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rather uniform. For the precision of the test method, the differences in the results may be
statistically insignificant. The precision in the V is determined by the x-intercepts of a
confidence band for the regression of each ballistic data set.!! A 95 percent confidence
interval for the V. is given as the + associated with each V in Table 1. This spread in the
data can also be observed by inspecting the Vs versus Vr graphs in Appendix A. The
precision in the V4 can be estimated by the range in each data set used for the calculation
of V5. This range is represented as the the  associated with each V g in Table 1. The
range is not a true * since the calculated Vs need not be centrally located within the range.

The results for the PC/SAN microlayer samples are very different. The 70/30
PC/SAN has a range of results from 108 to 172 m/s normalized V5 with a general trend of
increasing normalized Vg, with increasing numbers of layers. The 80/20 and 85/15
PC/SAN are less scattered. It appears that the V., and Vs, drop off with less than 80
percent polycarbonate in the PC/SAN composite. The highest normalized V. and Vg
values are 200 and 198 m/s for sample 25C, the extruded polycarbonate control sample.

The material behavior on impact and optical appearance are as important as the material
performance. Table 2 lists the optical appearance and fraction of brittle failures for the
microlayer materials. The PC/SAN blends have 100 percent brittle failures, while the
PC/PCTG blend and the polycarbonate sheet have no brittle failures. In both the PC/SAN
and the PC/PCTG microlayer materials, the fraction of brittle failures decreases with both
increasing polycarbonate composition and increasing number of layers.

The ballistic performance of the PC/SAN microlayer sheets conforms to the impact
results of Im et al.3 for PC/SAN microlayer sheets at 3.4 m/s impact velocity. Im found
that impact strength increases with polycarbonate content and also with the number of
layers for a given polycarbonate content. The PC/SAN microlayer sheets showed a brittle
to ductile transition corresponding to a sharp rise in the impact strength. This transition
shifted to a lower polycarbonate content with increasing numbers of layers. Im also
reported that a 55/45 PC/SAN with 391 layers has 95 percent of the impact strength of the
polycarbonate control.

The PC/SAN samples in this study, for the most part, contain a greater number of
layers than the materials used in Im’s standard impact study and this study’s composition is
predominately polycarbonate. Materials tested in this study would be within 95 percent of
the impact strength of the polycarbonate control used in Im’s impact study, except for the
233 layer PC/SAN sample. Thus, few clear trends for the normalized V  and V 4 ballistic
impact results are noticeable. The precision of the ballistic test for V. and V¢ is not great
enough to discern the slight differences in the impact strength of the materials. The ballistic
performance of the PC/PCTG microlayer materials should also be able to be explained in a

9
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similar manner especially since PCTG, rather than SAN, is more like polycarbonate.

Chemical Evaluation. Both polycarbonate and PCTG are attacked by diethylene
triamine (DETA). Polycarbonate dissolves in DETA within 24 hours. PCTG dissolves
slightly in DETA. When the microlayer PC/PCTG samples were immersed in DETA for
one week, the top polycarbonate layer dissolved and the PCTG layer flaked off to expose
the next polycarbonate layer. A top-down process was apparent.

Both polycarbonate and PCTG crystallize when immersed in xylene. The
polycarbonate turns opaque; the PCTG crystallizes slightly and turns translucent. When
the microlayer PC/PCTG samples were immersed in xylene for one week, the samples
fractured in the middle of the thickness due to stress cracking. The samples turned white.

All samples from the drop testing showed a remaining drop beading on the surface of
the sample. When rinsed with water, these drops were found to be swollen polymer. The
PC/PCTG samples all show the same results. Where the drop was placed, a hazy patch
that is slightly rough to the touch when compared to the rest of the surface formed. The
polycarbonate sample shows the same results as the PC/PCTG samples and there is also a
dimple or crater where the drop was placed that can be seen and felt.

The two blended PC/SAN samples show the same results as the 100 percent
polycarbonate sample. The surface appears hazy by reflected light since the sample is
opaque. All the microlayer PC/SAN show only a slight effect from the drop of DETA.
One can tell where the drop was by an outline on the surface of the sample. The surface
where the drop was placed appears normal for all but sample 41A. On sample 41A, the
surface where the drop was placed is slightly hazy. The PC/SAN samples do show a
depression where the drop of DETA was placed but it is different from the depressions in
the polycarbonate and the PC/SAN blended samples. Those showed a concave surface in
the material where the drop was placed. In the microlayer PC/SAN, the depression
appears flat to the eye as if the DETA uniformly dissolved the material as it sank into the
surface.

CONCLUSIONS

V. and V4, follows a linear relationship with areal density that allows the results to be
normalized.. Two trends can be seen for the normalized velocities. For the PC/SAN
microlayer composite, the V and V5, decrease with less than 80 percent polycarbonate. In
both the PC/PCTG and PC/SAN, the fraction of brittle failures decreases with both
polycarbonate composition and increasing number of layers.

The microlayer composites do show some promise as a ballistic armor material since
some samples performed as well as and better than injection-molded polycarbonate.

11




However, the extrusion and subsequent thermoforming would add cost to an item that is
currently injection molded. The increase in performance may be offset by the increase cost,
so switching materials may not be cost effective. Also, the chemical resistance for these
materials, while an apparent improvement over neat polycarbonate, is still poor.

REFERENCES

1. Schrenk, W. J. and Alfrey, Jr., T. A., “Coextruded Multilayer Polymer Films and
Sheets,” in Polymer Blends , vol. 2, pp.154-7, Edited by Paul, D. R. and Newman,
S., New York: Academic Press, Inc., 1978.

2. Ma, M,, Im, ], Hiltner, A.; and Baer, E., “Fatigue Crack Propagation in Microlayer
Composites of Polycarbonate and Poly(styrene-acrylonitrile),” Journal of Applied
Polymer Science, 40, 669-84, 1990 .

3. Im, J., Baer, E., and Hiltner, A., “Microlayer Composites,” in High Performance
Polymers, p. 175, Edited by Baer, E., and Moets, A., New York: Carl Hanser, 1991.

4. Shin, E., Hiltner, A.; and Baer, E., “The Brittle-to-Ductile Transition in Microlayer
Composites,” Journal of Applied Polymer Science, 47, 269-88, 1993 .

5. Military Standard, MIL-STD-662E, 22 January 1987, “V50 Ballistic Test for Armor.”

6. Muldoon, R. A, “Determination of Coefficient of Drag (KD) and Development of
Velocity Loss Equation for the Fragment-Simulating Type Projectiles Used to Evaluate
Personnel Armor Material.” Watertown Arsenal Laboratory Report No. WAL 760/503,
27 January 1953.

7. Recht, R. F, and Ipson, T. W., “Ballistic Perforation Dynamics.” Journal of Applied
Mechanics, Series E, 30, 384-90, 1963 .

8. Lambert, J. P., and Jonas, G. H., “Towards Standardization in Terminal Ballistics
Testing: Velocity Representation.” USA Ballistic Research Laboratory Report No.
1852, January 1976.

9. Hsieh, A., personal communication

10. Kohlman, W. G., “Mechanical Properties of Polycarbonate/Polysulfone and
Polycarbonate/ Polyetherimide Blends” (U), USA Natick R,D&E Center Report No.
NATICKITR-91/025, April 1991.

11. Daniel, Wayne W., Biostatistics: A Foundation for Analysis in the Health Sciences, 3rd
Edition, p. 290, New York: John Wiley & Sons, 1983.

12




APPENDIX A

13




300

[ ]
250 +
200 |
Vr
(m/s) 150 4
100 +
[ T'1 ] . »
50 4 . ]
. 1
0 o —p 4 4 -+ 4
100 150 200 250 300 350

Vs (m/s)

Figure A-1. Residual Velocity Versus Striking Velocity for Sample 13B.
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Figure A-2. Residual Velocity Versus Striking Velocity for Sample 15B.
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Figure A-3. Residual Velocity Versus Striking Velocity for Sample 19B.
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Figure A-4. Residual Velocity Versus Striking Velocity for Sample 19C.
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Figure A-5. Residual Velocity Versus Striking Velocity for Sample 25A.
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Figure A-6. Residual Velocity Versus Striking Velocity for Sample 25B.
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Figure A-7. Residual Velocity Versus Striking Velocity for Sample 25C.
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Figure A-8. Residual Velocity Versus Striking Velocity for Sample 39B.
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Figure A-9. Residual Velocity Versus Striking Velocity for Sample 41A.
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Figure A-10. Residual Velocity Versus Striking Velocity for Sample 49A.
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Figure A-11. Residual Velocity Versus Striking Velocity for Sample 49C.
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Figure A-12. Residual Velocity Versus Striking Velocity for Sample 53A.
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Figure A-13. Residual Velocity Versus Striking Velocity for Sample 55A.
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Figure A-14. Residual Velocity Versus Striking Velocity for Sample 55B.
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